SUMMARY
IRMM -the Institute for Reference Materials and Measurements N-TIMS -negative thermal ionisation mass spectrometry ICP-(ID) SFMS -inductively coupled plasma (isotope dilution) sector field mass spectrometry IC -ion chromatography PT/EQA -the proficiency testing/external quality assessment programme NCCL -the National Centre for Clinical Laboratory in China ISE -ion selective electrode SRM, standard reference material NIST -the National Institute of Standards and Technology REF -electrolyte reference solution UPW -ultrapure water CLSI -the Clinical and Laboratory Standard Institute CVs -coefficients of variation IFCC-RELA -the ring trail of the international Federation of Clinical Chemistry and Laboratory Medicine
INTRODUCTION
Chloride is the major extracellular anion in the human body [1] and participates in water balance, osmotic equilibrium, and acid-base equilibrium. Significant changes in serum chloride can reflect the pathological state of the human body, such as renal insufficiency, urinary obstruction, or the loss of digestive juices. Serum chloride measurement is widely performed in clinical laboratories using various methods. The reference interval in human serum is approximately 96 -108 mmol/L, which differs from region to region. In China, the proficiency testing/external quality assessment programme (PT/EQA) for serum chloride measurement had been carried out by the National Centre for Clinical Laboratory in China (NCCL) for years. The EQA result for routine analytes in 2017 showed that laboratories using the ion selective electrode (ISE) method accounted for more than 90% among the 2,063 participating laboratories, and the pass rate was 80.7% based on the evaluation criterion of 4% total error. However, the programme still needed to be improved because the target value of the PT/EQA samples were not assigned by a reference measurement procedure or high-specificity comparative method that was traceable to the reference measurement procedure [2] . Therefore, we aimed to build a candidate reference measurement procedure for serum chloride measurement in our laboratory and evaluate the performance of routine ISE measurement systems from different manufacturers. The currently accepted reference methods for the determination of serum chloride are coulometric titration and isotope dilution mass spectrometry (IDMS) listed in the database of the Joint Committee for Traceability in Laboratory Medicine (JCTLM). For coulometric titration, a silver rod of high purity (99.999%) was required to ensure high current efficiency [3] and the exposure of electrolytic product (AgCl) would cause errors because of photodecomposition [4] . In another study of purity valuation of KCl by constant-current coulometric titration, bromide was titrated the same as chloride, and the mass fraction of chloride was over evaluated [5] . In Germany, inductively coupled plasma (isotope dilution) sector field mass spectrometry, ICP-(ID) SFMS, was established as a candidate reference measurement procedure for serum chloride [6] . For the IDMS method, the mean bias compared with the target values of the National Institute of Standards and Technology (NIST) certified reference materials was 0.85% for Cl -, which was a little higher than the ± 0.7% tolerable bias in the criterion of minimum specification from biological variation. The isotope dilution method includes a complicated preparation and calculation process to get an analyte/internal standard signal-ratio of approximately 1.0. Therefore, an alternative method is needed. A candidate method principle would be ion chromatography (IC), which was introduced in 1975 and had proven to be very useful for the simple, rapid, and reliable determination of the common ions (such as SO42-, Cl-, NO3-, etc.) in either simple or complicated matrices because of good selectivity [7] , such as for the precise analysis of anions in cement and inorganic ions in wastewater [8, 9] . It had gradually been used in medicine, such as sodium measurement in sweat for the diagnosis of cystic fibrosis and as a reference method for serum cations [10, 11] . Therefore, we used ion chromatography to establish a simple and highly accurate method for serum chlorine in China.
MATERIALS AND METHODS

Instruments
Dionex ICS-1100 ion chromatography (Thermo Fisher Scientific Inc., Waltham, MA, USA) was applied. The chromatographic separation system consisted of IonPac AG9-HC 4 mm Guard, IonPac AS9-HC 4 mm Analytical, and AERS 500 (4 mm). Signal integration was performed by chromatography data system Chromelon 7. High purity nitrogen was bought from Beijing Xianheyu Gas Technology Co., Ltd. All weighing operations were performed on an XS204 balance (max = 220 g, d = 10 -4 g; Mettler Toledo, Giessen, Germany). A DMA 4500 M densitometer (Anton Paar, Houston, TX, USA) was used for density measurement. IC-certified filter units (0.45 µm, Millex-LH, Merck Millipore, Burlington, MA, USA) and 2-mL Plastipak syringes from Becton Dickinson (Dublin, Ireland) were used for filtration. All vials and containers were made with fluorinated ethylene propylene. Beckman AU 5800, Beckman DXC 800, Hitachi 7180, Ortho Clinical Diagnostics VITROS 5600 (dry chemical method), Roche Cobas ISE, and Mindray BS-800 chemistry analysers and their supporting supplies were used for bias evaluation.
Reagents and materials
Sodium chloride standard reference material of certified purity (SRM 919b, Cl %: 60.564% ± 0.014%) from NIST was used for calibration and recovery test. The eluent was prepared using NaOH solution (mass concentration, 50%) and anhydrous Na2CO3 obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Ultrapure water (UPW, > 18.2 MΩ · cm) was obtained by the Milli-Q water purification system (Millipore, Billerica, MA, USA). Three levels of pooled patient sera were collected from the clinical lab of Beijing Hospital in China and the chloride concentrations were < 95 mmol/L, 100 -108 mmol/L, and > 110 mmol/L, respectively. SRM 956d (I to III, electrolytes in frozen human serum, stored < -50°C) and SRM 909c (frozen serum stored at -80°C) from NIST were used for the accuracy assessment. In the bias evaluation experiment, 60 individual patient serum samples were collected by Beijing Chaoyang Hospital in China. Hemolytic, lipemic, and icteric samples were excluded from the study. Each sample was split into seven aliquots and stored at -70°C within 24 hours after being drawn. Quality control materials, calibrators, and electrolyte reference solution (REF) were supplied by the same manufacturer as the instrument in each system and were within the period of validity.
IC method Preparation of serum samples and calibrators
Sampling of serum and standards and further dilutions was carried out based on gravimetric method. In the first dilution, the serum samples (containing 3,110 µg/g -3,980 µg/g chloride) were diluted 100-fold with UPW, mixed and equilibrated for 1 hour. Then the solutions were filtered twice with 2 mL syringe and 0.45 µm filter. The first filtrate was discarded to rinse the filtration system. In the second dilution, filtrate was diluted around 5-fold to get a suitable peak area within the calibrators. The densities of serum samples were measured by densitometer to get the molarity concentration. Five calibrators were prepared and pairs of adjacent calibrators were used for calibration in bracketing method. A standard stock solution (1,000 µg/g) was prepared by dissolving SRM 919b with UPW. Five calibration solutions were obtained by diluting the standard stock solution to 6.5, 7, 7.5, 8, and 8.5 µg/g with UPW.
Separation conditions and detection sequence
The chromatographic parameters for serum chloride were an eluent mixed with 12 mmol/L sodium hydroxide and 2 mmol/L sodium carbonate, 50 mA electric suppression current, 25 µL injection loop, 1 ml/L flow rate, 16 minutes detection time in combination with 30°C column temperature. In this condition, the separation degree of chloride was greater than 1.5. Chromatogram was drawn by chromatographic work station as Figure 1 .
UPW was detected first and finally in each run as the blank and no chloride peaks were detected (< 0.001 µS·min). Sample solutions were detected between two calibration solutions in bracketing method. Each solution was injected three times continuously and the means were used as the final detection signal.
Calculation
The final concentration in mmol/L was calculated using a bracketing method as the following equation:
where, C is the molar concentration of serum samples, C 1 is the mass concentration of the former calibrator, C 2 is the mass concentration of the latter calibrator, A s is the peak area of the sample detection solution, A 1 is the peak area of the former calibrator, A 2 is the peak area of the latter calibrator, k 1 is the dilution ratio of the first dilution step, k 2 is the dilution ratio of the second dilution step, D S is the density of serum sample which is measured by densitometer, and M is the relative atomic weight of chlorine.
Experimental of bias evaluation of ISE methods
The six routine measurement systems were all based on the ISE method and Mindray was the only domestic brand among them. The ion chromatography method was applied as comparative method in the bias evaluation. The comparison was processed according to the Clinical and Laboratory Standard Institute (CLSI) EP9-A3. For ISE methods, the first step was the familiarization period of measurement procedure with the manufacturer's instruction, including a precision study for three days. Then 60 individual patient serum samples were detected three times in reverse order among three runs and the means were used as the final measurement results. At the same time, the serum samples were detected twice by the IC method in our laboratory. Scatter plots and difference plots were made with the IC method on the x-axis and the ISE methods on y-axis. After removing the outliers which were obviously far from the curve visually or detected by extreme studentized deviate, linear regression analysis gave the slope, intercept, and the correlation coefficient. The CVs, absolute bias, relative bias, and expected biases at the medical decision levels were calculated to evaluate the system performance.
RESULTS
Performance of the IC method Linearity
Five calibrators (6.5 µg/g -8.5 µg/g) were each measured three times. Linear correlation was applied to analyze the relationship between the means of the chloride peak areas and the preparation concentrations. The result showed that its correlation coefficient generally was over 0.9999. 
Instrument stability and analytical precision
To test the instrument stability in a long run, one aqueous sample and one serum sample were measured repeatedly, each for 24 times, and the coefficients of variation (CVs) were 0.15% and 0.07%. To test the analytical precision, three levels of pooled patient serum were measured 6 times per day for five consecutive days, shown in Table 1 . Based on one-way analysis of variance, the within-run CVs were 0.15% -0.26%, the between-run CVs were 0.00% -0.16% and the total CVs were 0.18% -0.30%.
Recovery
Three levels of pooled patient serum were also used in a recovery test by adding known amounts of sodium chloride (SRM 919b) gravimetrically which had similar quantities of chloride with the serum samples. The recoveries were calculated according to the changes of chloride concentration. Triplicate vials of each sample were measured each day for two days. Recoveries of three samples of different concentrations were 99.66% -100.60%, shown in Table 2 . 
Accuracy
To verify the measurement accuracy, two replicates of SRM 956d and SRM 909c were measured each day for three continuous days. The measurement results are shown in Table 3 . The method proved to be accurate with a relative biases of -0.19% to -0.06% and the within-laboratory CVs were 0.27% -0.82%.
Uncertainty
Over the entire measurement process, the sources of uncertainty considered were: the preparation of calibrators and samples, the dilution of samples, and the repeatability, listed in Table 4 . The related standard uncertainty of the sample concentration was 0.388%, and the related expanded uncertainty was 0.775% (k = 2). 
International comparison
The ring trail (proficiency test) of the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC-RELA) has been launched for years. Our IC method participated in the 2016 RELA along with three foreign reference labs using coulometric titration, ICP-(ID) SFMS, and IC for serum chloride measurement.
The online feedback showed that the results were all close and the relative biases of high-and low-value samples were 0.35% and 0.05% compared to the means of all participating laboratories. Therefore, our IC method can be recognised as comparable according to the limits of equivalence (< 2%) in the RELA procedure. 
Performance of ISE methods Imprecision of ISE methods
In the familiarization period of measurement procedure, high and low levels of pooled patient sera, which were used for verifying the analytical precision of IC, were also applied for the precision study of ISE methods. Every sample was detected three times per run, 2 runs per day, and last for three days. The repeatability and within-laboratory CVs were shown in Table 5 based on oneway analysis of variance. Only the CVs of Beckman DXC exceeded the minimal CV specification derived from biological variation (0.9%).
Linear regression
The results of linear regression analysis and sample numbers after removing the outliers were showed in Table 6 and Figure 2 . The slopes of regression equation were 0.9081 -1.0450, the intercepts were -3.2943 -3.8018, and the correlation coefficients were 0.9876 -0.9979. The residual standard deviations ranged from 0.5095 to 0.9910.
Evaluation of calibration bias
The absolute biases, relative biases, and scatter plots of relative bias were shown in Table 7 and Figure 3 . Among the six ISE methods, the mean biases of Beckman AU and Mindray systems met the ± 0.7% tolerable bias in the criterion of minimum specification from biological variation and the mean bias of Beckman DXC system met the ± 1.5% tolerable bias in the analytical quality specification for routine analytes in clinical biochemistry in China (WS/T 403-2012). As the figure showed, all biases of Beckman AU and most biases of Mindray were within ± 1.5%; most of the biases of Beckman DXC were higher than 0.7%; most of the biases of Ortho and Hitachi were lower than -1.5%; all biases of Roche Cobas were lower than -1.5%. The medical decision levels of serum chloride were 90 mmol/L and 120 mmol/L. The predictive biases at the medical decision levels of the six ISE methods were calculated according to regression equations, shown in Table 8 . The biases of Beckman AU and Mindray at the two medical decision levels were all within ± 0.7%. The biases of Beckman DXC and Ortho at the low chloride level were within ± 1.5% and all of the other results were outside of ± 1.5%. In brief, the type of calibration bias for these ISE methods can be divided into three types. Beckman AU and
Mindray had good consistency with the IC method and small biases. For Beckman DXC, most results were higher than the comparative results. For Ortho, Hitachi and Roche, most results were lower than the comparative results.
DISCUSSION
Several reference measurement procedures for serum chloride had been established using coulometry [12] and IDMS [6] in the highest metrological order. In our study, a highly accurate ion chromatography method was established as an alternative method for serum chloride measurement. The comparison between the three methods is shown in Table 9 . It was seen that the IC method had high precision and low bias. The precision was partly based on the mixed eluent (12 mmol/L NaOH and 2 mmol/L NaCO 3 ) and high purity nitrogen which was used for giving pressure and protecting NaOH from CO 2 in the air to ensure the stability of eluent composition in the whole measurement. For sample pretreatment, high-concentration proteins could negatively affect the separation efficiency of the ion-exchange columns. Research showed that acetonitrile-NaOH and ultrafiltration treatments were effective and proved to have no influence on the chromatographic resolution [13] . In the study of serum cation measurement with ion chromatography [14] , the sera were diluted with water or eluent and filtered after 1 hour of equilibration. We also investigated the difference between water diluent and eluent diluent. It was found that the separation of chloride and peak area signals was stable, and there was no significant difference between the diluents. For convenience, serum samples were diluted around 500-fold with water and filtered in our IC method. For calibration mode, it was more likely to choose the internal standard method compared to the external standard method because the uncertainty derived from dilution could be eliminated. However, the candidate internal standard (oxalate, nitrate, and other halide) did not meet the requirements of stable chemical property, low background in serum, and suitable chromatographic performance. For example, the concentrations of nitrate and bromide in serum were not extremely low and oxalate was susceptible to diet [15] [16] [17] . Therefore, we chose the external standard method for quantification based on the accurate weighing. Generally, the key precondition for external standard quantitative analysis in chromatography was the fixed ratio (correction factor) between the concentration and the peak area for serum samples and calibrators. In our study, it was found that the correction factor declined in continuous detection over time which caused a regular bias. An experiment was designed to inspect the regularity of bias with different order and distance between the samples and the calibrators. It was found that the order between samples and calibrators would decide the positive or negative of bias and the farther between them, the greater the absolute value. As a result, we chose the bracketing method to reduce this adverse effect which might be related to the stability of the detector. In the study of bias evaluation, the calibration biases of six widely-used ISE methods were evaluated using 60 individual patient serum samples. Two evaluation criteria were adopted, the minimum specification from biological variation, and the analytical quality specification for routine analytes in clinical biochemistry in China (WS/T 403-2012). Most of these methods were proven to be of high precision except for Beckman DXC (0.91% -1.16%). However, only the results of Beckman AU could meet the evaluation criteria of bias, while the other five systems could not meet the requirement completely. The analysis result was different from the pass rate of the EQA program. It was not hard to see that the current domestic measurement quality of serum chloride still had a long way to go. But from another point of view, failure to pass the evaluation criteria did not mean that the system could not be used in clinical at all. The failure might stem from the deficient traceability of manufacturer calibrators and the strict evaluation criterion because of the small biological variation of chloride in human. Multiple factors should to be taken into account in practice application, such as the reference interval set by the clinical lab, the clinical significance of serum chloride in different clinical departments, and the possibility of recalibration. The deficiency of this study was that the systems with apparent biases had not been recalibrated using serum samples assigned by the IC method.
CONCLUSION
The ion chromatography measurement procedure of serum chloride had high precision (0.18% to 0.30%), high recovery (99.66% to 100.60%), low bias (-0.19% to -0.06%), and low uncertainty (0.775%). The simple sample pre-treatment, calibration, and calculation mode simplified the entire measurement process to some degree. Among six ISE methods, Beckman AU was the only system which showed good performance of bias compared with the IC results. The quality of routine test for serum chloride still needs significant improvement. The establishment of the IC method can provide a reference for clinical laboratories to evaluate and improve the quality of the serum chloride test and promote the standardization process in China.
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